Abstract Computer modelling has been used in the last 15 years as a powerful tool for understanding the behaviour of activated sludge wastewater treatment systems. However, computer models are mainly applied for domestic wastewater treatment plants (WWTPs). Application of these types of models to industrial wastewater treatment plants requires a different model structure and an accurate estimation of the kinetics and stoichiometry of the model parameters, which may be different from the ones used for domestic wastewater. Most of these parameters are strongly dependent on the wastewater composition. In this study a modified version of the activated sludge model No. 1 (ASM 1) was used to describe a tannery WWTP. Several biological tests and complementary physical-chemical analyses were performed to characterise the wastewater and sludge composition in the context of activated sludge modelling. The proposed model was calibrated under steady-state conditions and validated under dynamic flow conditions. The model was successfully used to obtain insight into the existing plant performance, possible extension and options for process optimisation. The model illustrated the potential capacity of the plant to achieve full denitrification and to handle a higher hydraulic load. Moreover, the use of a mathematical model as an effective tool in decision making was demonstrated.
Introduction
The activated sludge system is currently the most widely used biological wastewater treatment process, treating both domestic and industrial wastewater. The process requires a high degree of operational control and management. In order to obtain maximum removal efficiency from the activated sludge plant, the operator must have a full understanding of this complex process. Much research has been done over the last 15 years to understand the behaviour of activated sludge systems using computer modelling. A common language for all modellers in this field regarding concepts and nomenclature is provided by the ASM models developed by the IWA task group (Henze et al., 2000) . The ASM models have proved to be a useful tool for the dynamic simulation of activated sludge systems treating domestic wastewater. However, application of these models to industrial wastewater treatment plants remains limited. To apply these models to industrial wastewater treatment plants it could be necessary to extend the ASM models by additional kinetic reactions (Nowak et al., 1995) . The physical, chemical and biological properties of industrial wastewater and their variation in flow and composition make the operation more complicated. Moreover, the model could be used in a quantitative way to predict the effect of different production scenarios on their wastewater treatment plant (van Zuylen, 1993) , supporting the operator in decision making.
The tannery industry is generating high amounts of polluted water while the profit margin is low. Therefore, purification of the generated wastewater has a high impact on the overall production costs. The work presented here emphasises modelling of a tannery activated sludge wastewater treatment plant and its practical application. The main objectives of this study are: (1) to modify activated sludge model ASM1 to satisfactorily describe the COD and N removal in the tannery wastewater treatment plant; (2) to evaluate the plant performance using the modified model; (3) to investigate the required modifications for the plant optimisation and future extensions.
Material and methods

Plant and process description
The study covers the wastewater treatment plant of Ecco Tannery Holland B.V., a tannery factory located in Dongen, The Netherlands. The WWTP has been in operation since 1987, treating wastewater generated from different steps of the tannery plant and designed for COD and N removal. The configuration of the plant consists of primary and secondary wastewater treatment and sludge treatment.
In the primary treatment Cr total from the segregated stream is removed by chemical precipitation. The supernatant liquid is pumped to the next step, where it is mixed with the rest of the generated wastewater in a covered equalisation tank (1,750 m 3 ). The equalisation tank buffers the dynamic flow generated during the week (5 working days/week) and provides the plant with a minimum flow during the weekend. In the equalisation tank a dose of Fe(OH) 3 (iron sludge from a drinking water treatment plant) is mixed with wastewater to remove the S 2-compounds. The top gas layer of the equalisation tank is pumped off, washed and used for aeration in the second stage. Eight primary clarifiers (8 × 50 m 3 ) are used for particulate solid separation at the end of the primary stage.
The secondary treatment consists of a conventional plug flow activated sludge system, which is the main focus of this study. The system involves a plug flow reactor of a total volume of 8,000 m 3 . The first part of the reactor (1,000 m 3 ) is non-aerated to ensure denitrification, while the rest of the reactor is aerated. An internal recycle flow (Q int ) supplies the denitrification zone with nitrate. To avoid phosphorus limitation for microbial growth 25 L commercially available H 3 PO 4 (75%) was dosed in the aerated zone. The outlet of the reactor is connected to a secondary settler of 800 m 3 , where the settled sludge (Q return ) is pumped to the denitrification zone and the excess sludge (Q ex ) is pumped to the equalisation tank of the primary treatment. Finally, the treated effluent is pumped via a 37 km force main to the water authority gravity line, which conveys the wastewater to the domestic WWTP Rilland Bath.
The sludge treatment deals with primary and chromium sludge, both produced in the plant. The primary sludge, collected from the primary settlers, is conditioned in a buffering tank (200 m 3 ), de-watered by a filter press, resulting in a sludge cake with a dry content of 30-35%. This sludge cake and the sludge generated from the chromium removal (chromium sludge) are transported by trucks for final disposal. The rejected water resulting from the primary sludge treatment is pumped to the bioreactor (Q in3 ). The volumes, the hydraulic and operational collected data are summarised in Table 2 . Several biological batch tests were performed at the UNESCO-IHE laboratory to determine the influent and sludge characteristics (Ekama et al., 1986; Orhon et al., 1999a,b) .
The tests were performed at controlled temperature 20°C, pH of 7.5 ± 0.05 and under aerobic and anoxic conditions. Nitrification batch tests were performed under aerobic conditions, in which NaNO 2 and NH 4 Cl were consecutively injected (Moussa et al., 2003a) . This test allows measuring of the kinetic parameters of nitrite and ammonia oxidisers separately and was used for model calibration.
Process model (selection and adjustment)
The simulations of the secondary treatment of Ecco Tannery Holland B.V. WWTP were performed with AQUASIM ® (Reichert, 1998) , a computer software package used for simulation. The process was modelled according to the flow scheme in Figure 1 , with the hydraulic and operational parameters as presented in Table 1 . The plug flow condition of the bioreactor was modelled as six completely mixed stirred compartments in series with an internal recycle flow. In the model the secondary clarifier separates solids and water ideally. The amount of suspended solids discharged in the effluent was considered in the sludge age (SRT) calculation. Oxygen concentrations in each compartment were controlled with a PI-controller in accordance with the measured values.
A modified version of the activated sludge model No. 1 (ASM 1) proposed by the IWA task group (Henze et al., 2000) was used to calculate the biological conversions in each compartment. The main modification incorporated in ASM1 to simulate the WWTP was that the nitrification was considered as a two-step process (Nowak et al., 1995) , because ammonia oxidisers grow faster than nitrite oxidisers at temperatures above 15-20°C (Hellinga et al., 1999) . Moreover, inhibiting compounds present in industrial wastewater might lead to an adverse effect on one or both steps of the nitrification process. Thus describing the nitrification in two steps enables the identification of any inhibition and the detection of partial nitrification (NO 2 -accumulation).
Influent measurement and characterisation
To simulate the WWTP a detailed wastewater characterisation to determine the model components is required. Laboratory tests involving biodegradation were conducted to determine the influent characteristics. The total influent COD can be described as: COD total = S S + S I + X S + X I . The readily biodegradable COD (S S ) was determined by two different approaches using an aerobic and anoxic batch test as described by Ekama et al. (1986) . The soluble inert COD (S I ) was determined according to the approach suggested by Orhon et al. (1999a,b) . The influent X I fraction (X I /COD total ) ratio was estimated as a result of model calibration fitting the solid COD balance as proposed by Meijer et al. (2001) and, consequently, the rest will represent the X S fraction. Average influent measurements and the calculated model influent compositions are presented in Table 2 .
Balancing operational data and measurements
Estimation of sludge age, Q recycling and Q in2
For a reliable simulation study the sludge age (SRT) should be known within 95% accuracy (Brdjanovic et al., 2000; Meijer et al., 2001) . Therefore a check on the SRT (or sludge production) is strongly recommended. For the evaluation of sludge production the overall phosphorus balance was used as proposed by Nowak et al. (1999) . Three balances were formulated (see Figure 1 ): the overall P balance (Eq. (1)), the overall flow balance (Eq. (2)) and the P balance over the settler (Eq. (3)).
Q in1 P in1 + Q in2 P in2 + Q in3 P in3 = Q eff P eff + Q ex P ex
(1)
The yearly average measurements of Q in1, Q in3 and Q eff in addition to the two runs average measurements of P in1, P in2 , P in3 (chemical P addition) and P ex were used to evaluate the Q in2 , Q return and Q ex and consequently the SRT. The calculated Q in2 , Q ex and SRT (70 days) were in agreement with the recorded values of the plant. However, the balanced Q return (650 m 3 /d) was found to be inconsistent with the reported value (1,920 m 3 /d). Since the value of the mass balance (650 m 3 /d) was in line with the measured sludge concentrations in the reactor and return sludge, we used this value in simulating the treatment plant.
Model calibration and simulation
After the determination of the main operational parameters and the influent characterisation, the model of the WWTP was calibrated. A step-wise approach was applied as proposed by Meijer et al. (2001) . First the solids were fitted (P, COD and TKN) on the basis of yearly average measurements. Next the nitrification and denitrification were calibrated on the basis of yearly average measurements.
Calibration of the solids
The solids balance is a non-conserved balance. An incorrectly assumed COD load or sludge production will generally be compensated by the simulated oxygen consumption of the process. Because the SRT is fixed according to the P TOT balance, the sludge-COD concentration in the process is mainly determined by the influent X I /COD total ratio (f XIin ). Inert COD (X I ) accumulates in the process. Increasing f XIin therefore leads to increasing the COD in the process and vice versa. By adjusting the influent ratio f XIin to 0.18 the model described the measured MLVSS in the reactor (using a conversion factor of 1.4 gCOD/gMLVSS). When f XSin is used to fit the COD balance, all model uncertainties related to the production of X I and the influent characterisation of X S and X I are lumped in the influent f XIin fractionation. As a result of adjusting the f XIin fraction, the model predicted accurately the soluble COD in the effluent and total P and TKN in the bioreactor.
Calibrating nitrification and denitrification
Nitrification and denitrification were calibrated on the basis of yearly average measurements. Adjusting the oxygen half saturation coefficient of the ammonia oxidisers (K O 2 A ) and heterotrophic biomass (K O 2 H ) was used to fit the nitrification and denitrification in the bioreactor according to Meijer et al. (2001 The nitrification batch tests were used in this study as a last step in the calibration procedure. Ammonia and nitrite oxidising activities in the batch test were not predicted very well by the model; observed ammonia conversion and nitrite conversion rates were approximately 20% lower than predicted. Due to the fact that the WWTP is under-loaded, these differences could not be observed when simulating the full-scale yearly average values. There are three possible reasons for these lower experimental nitrification conversion rates in the batch tests than predicted by the model: either the amount of nitrifiers predicted by the model in the plant is too high or the growth rate in the model is too high or both. This means that re-calibration was required. Since the decay rate is the most uncertain parameter we chose to calibrate on this coefficient. Increasing the decay rates by 30% (from 0.15 and 0.10 day -1 to 0.20 and 0.13 day -1 for the ammonia and nitrite oxidisers, respectively) resulted in a good fit of the predicted data to the measurements. When this newly calibrated model was used for the full-scale simulation of the treatment plant, the nitrogen content in the effluent did not change. In a separate test similar results were obtained when the growth rate was reduced because of the high correlation of the parameters decay rate and growth rate.
Model validation
The model validation was performed by validating the capacity to predict the measured concentrations of NH 4 + , NO 2 -and NO 3 -along the bioreactor length using the dynamic influent data. The recorded average daily influent flow during the period 13-26 November 2000 (Figure 2 ) was used as input flow for the model. The simulated values of NH 4 + , NO 2 -and NO 3 -of day 24 November (the 12th day of the 14 days dynamic simulation period) were compared with the values obtained from sampling over the length of the bioreactor conducted on the same day. The model provides an accurate prediction of the NH 4 + and NO 3 -along the bioreactor (Figure 3 ).
Model application
This study was conducted in the first year of the new owner of the company. At the same time various viability studies were performed on the increase of the leather production and application of different tannery processes and operational strategies. The main question was, whether the existing WWTP could cope with these future requirements. Based on the plant performance and effluent quality, an additional volume requirement (25% of the bioreactor volume) was proposed by the operator. The old equalisation tank was selected to be the additional volume, and to be operated as an anoxic reactor. This upgrading aimed to increase the plant capacity and to achieve full denitrification. Evaluating the upgrading concept for the WWTP was the main focus of our modelling study. The validation step demonstrated the capability of the proposed model to describe the WWTP correctly under both steady state and dynamic conditions. Hereafter, the model was used as a tool to obtain insight into the existing plant performance, possible extension and ways of process optimisation.
Evaluation of the existing plant performance and possible extension
The model visualised the existing conditions and the potential capacity of each process involved in the purification system. Nitrification as the most sensitive process was accomplished within 60% of the total bioreactor volume under both steady state and dynamic conditions and denitrification seemed incomplete (only 80%). The same effluent quality was also predicted even up to a load increase by a factor two. This illustrates that the WWTP Ecco has been under-loaded and that the bioreactor volume is not the limiting factor if the load is increased. It is possible that the aeration capacity and the sludge treatment units will be limiting factors in the treatment process in possible expansion. Despite the high concentration of NO 3 -in the effluent (50 mg-N/L) the present set-up of the plant has a high denitrification potential. Within the existing process configurations, better effluent quality with less operational costs could be achieved via process optimisations.
Process optimisations
One of the major achievements of plant optimisation is enhancing the denitrification activity to achieve full denitrification in the system. The model was used to quantify the main limiting factors, which hinder the denitrification. Anoxic zone volume, internal recirculation flow and the availability of easily degradable COD were investigated as limiting factors. Different modifications were simulated under steady-state conditions to study their effect on the realisation of full denitrification. COD limitation seemed to be the most crucial factor for the denitrification. Introducing the reject water (Q in2 ) into the denitrification zone in addition to increasing the denitrification zone (up to 4,000 m 3 ) and increasing the internal recycle flow (up to 10,000 m 3 /h) will directly lead to full denitrification. However, increasing the internal recycling flow should be carefully performed to avoid a highly aerated recycling flow to the denitrification zone. Therefore oxygen should be monitored. Improving the mixing condition in the denitrification zone was recommended to improve the denitrification capacity of the system. This results in a reduction in oxygen consumption, reduction in additional alkalinity to be provided and a reduction in the effluent pollutant (NO 3 -) concentration and, consequently, in a reduction in the over-all operational costs.
Discussion
The influent characterisation results of the wastewater do agree with the reported values of the tannery wastewater (Orhon et al., 1999a) . The modified ASM1 model proposed in this paper for COD and N removal described the performance of the WWTP well with the adjustment of only two parameters (K O 2 A , K O 2 H ). An accurate and correct description of the system configurations, balancing the operational data with the measurements to accurately calculate the SRT and the use of the stepwise calibration proposed by Meijer et al. (2001) simplified the complexity of the model calibration. The use of batch tests for model re-calibration was useful because the plant was under-loaded and therefore the effluent concentrations profiles were not sensitive for the rate parameters. Model validation under dynamic conditions is of great significance in industrial WWTPs, because the plants are usually working under highly dynamic conditions in comparison with domestic WWTPs.
The observed reduction in ammonia and nitrite oxidising activity is attributed to the presence of salt (7.5 g Cl -/L). This decline in the activity for ammonia and nitrite oxidisers is in agreement with earlier results of salt inhibition effects on nitrifying sludge (Moussa et al., 2003b) . The use of a higher decay rate of nitrifiers to mathematically describe the salt impact simplifies the model description of salt inhibition (only one parameter to calibrate). Other parameters for calibration could have been chosen but the decay rate was considered as the most uncertain coefficient in the model.
The potential use of the model was illustrated in the evaluation of the upgrading of the WWTP. During this evaluation the bioreactor capacity and process configuration were investigated. The model provided a better and quantitative understanding of the plant operation and treatment process. The investigation of several modifications to reach further plant optimisation was very time-effective and cheap (Salem et al., 2002) . Because it gives quantifiable results, modelling supported the decisions to be taken with respect to the plant extension. It was originally proposed to increase the plant volume (25% with the use of old equalisation tank) to cope with anticipated load expansion. The simulations clearly indicated that with the present system and future increase in load good effluent quality can be reached even combined with an increased denitrification.
Plant managers and staff use the model in a different way, namely as a tool to quantitatively predict the effect of certain decisions on the treatment process (Salem et al., 2002) . This application of the model is very useful in case of industrial WWTPs, like the tannery studied here. The cost of treating the wastewater generated during the production process has a crucial impact on the overall production costs. This also increases the awareness of the impact of each pollutant term in each part of the process and stimulates the practice of waste minimisation to have an environmentally friendly production.
Conclusions
Activated sludge models commonly applied for domestic wastewater treatment plants can also be used for industrial WWTPs if the following steps are carefully considered:
• An accurate description of the system configurations; • Balancing the operational data with the measurements to accurately calculate the main important reactor input parameters (flow rates and SRT); • Selection of model process and components which are significant and dynamic in this system configuration; • Complementary analyses to assess the wastewater and the sludge characterisation; • Stepwise calibration under steady-state conditions and finally model validation under dynamic conditions. The modified ASM1 model proposed in this paper for COD and N removal proved to be able to describe the performance of Ecco Tannery Holland B.V. WWTP wastewater treatment plant.
The model was successfully used to evaluate and optimise the plant performance. In addition it was demonstrated that the model could be used by the plant manager to support his decisions quantitatively resulting in saving time and money.
